The Myosin Chaperone UNC-45 Is Organized in Tandem Modules to Support Myofilament Formation in C. elegans  by Gazda, Linn et al.
The Myosin Chaperone UNC-45 Is
Organized in TandemModules to Support
Myofilament Formation in C. elegans
Linn Gazda,1,5 Wojciech Pokrzywa,2,5 Doris Hellerschmied,1,5 Thomas Lo¨we,2 Ignasi Forne´,3 Felix Mueller-Planitz,4
Thorsten Hoppe,2,* and Tim Clausen1,*
1Research Institute of Molecular Pathology, Dr. Bohrgasse 7, 1030 Vienna, Austria
2Institute for Genetics and Cologne Excellence Cluster on Cellular Stress Responses in Aging-Associated Diseases (CECAD),
University of Cologne, Zu¨lpicher Str. 47a, 50674 Cologne, Germany
3Protein Analysis Unit
4Molecular Biology Unit
Adolf-Butenandt Institute and Center for Integrated Protein Science (CIPSM), Ludwig Maximilian University, Butenandtstr.
5-13, 81377 Munich, Germany
5These authors contributed equally to this work
*Correspondence: thorsten.hoppe@uni-koeln.de (T.H.), clausen@imp.univie.ac.at (T.C.)
http://dx.doi.org/10.1016/j.cell.2012.12.025
Open access under CC BY-NC-ND license.SUMMARY
The UCS (UNC-45/CRO1/She4) chaperones play an
evolutionarily conserved role in promoting myosin-
dependent processes, including cytokinesis, endo-
cytosis, RNA transport, and muscle development.
To investigate the protein machinery orchestrating
myosin folding and assembly, we performed a com-
prehensive analysis of Caenorhabditis elegans UNC-
45. Our structural and biochemical data demonstrate
that UNC-45 forms linear protein chains that offer
multiple binding sites for cooperating chaperones
and client proteins. Accordingly, Hsp70 and Hsp90,
which bind to the TPR domain of UNC-45, could act
in concert and with defined periodicity on captured
myosin molecules. In vivo analyses reveal the elon-
gated canyon of the UCS domain as a myosin-
binding site and show that multimeric UNC-45 chains
support organization of sarcomeric repeats. In fact,
expression of transgenes blocking UNC-45 chain
formation induces dominant-negative defects in the
sarcomere structure and function of wild-type
worms. Together, these findings uncover a filament
assembly factor that directly couples myosin folding
with myofilament formation.
INTRODUCTION
Muscle development and function rely on the correct assembly
of structural and motor proteins into a series of contractile units
called the sarcomeres. Its main components, thin (actin) and
thick (myosin) filaments, are organized in a precisely ordered,
quasi-crystalline protein framework that is critical to link the
formation of actin-myosin crossbridges with filament glidingand muscle contraction (Gautel, 2011; Sweeney and Houdusse,
2010). Although the basic components and the overall architec-
ture of the sarcomere have been studied in detail, little is known
about its highly complex assembly process (Sanger et al., 2005).
In particular, the mechanism of myosin incorporation into thick
filaments is poorly understood. So far, it has been shown that
folding of the myosin motor domain involves the assistance of
the general chaperones Hsp70 and Hsp90 (Du et al., 2008; Etard
et al., 2007; Gaiser et al., 2011; Hawkins et al., 2008; Srikakulam
andWinkelmann, 2004) and of UCS-domain-containing proteins
that function as myosin-specific chaperones (Barral et al., 2002;
Hutagalung et al., 2002; Kachur and Pilgrim, 2008; Lord and
Pollard, 2004; Wesche et al., 2003; Yu and Bernstein, 2003).
One founding member of the UCS family is the Caenorhabditis
elegansUNC-45 protein, which is highly conserved inmetazoans
(Barral et al., 1998; Epstein and Thomson, 1974; Venolia et al.,
1999). In Drosophila, zebrafish, and Xenopus, UNC-45 proteins
are important for skeletal and cardiac muscle function and for
muscle maintenance during stress (Bernick et al., 2010; Etard
et al., 2007, 2008; Geach and Zimmerman, 2010; Melkani
et al., 2011; Wohlgemuth et al., 2007). Moreover, UNC-45 homo-
logs exist in vertebrates, indicating a conserved requirement for
the myosin-specific chaperone. Mice and humans have the two
isoforms UNC45a and UNC45b either expressed in multiple
tissues or restricted to myogenic processes in skeletal and
cardiac muscles, respectively (Price et al., 2002). In line with
this tissue specificity, abnormal UNC45b function is associated
with severe muscle defects resulting in skeletal and cardiac
myopathies (Janiesch et al., 2007; Walker, 2001). To exert its
cellular function, UNC-45 employs an N-terminal tetratricopep-
tide repeat (TPR) domain implicated in binding the Hsp70/
Hsp90 partner chaperones (Barral et al., 2002; Srikakulam
et al., 2008), a central armadillo repeat (ARM) domain of
unknown function and a C-terminal UCS domain that is critical
to interact with the motor domain of myosin (Barral et al., 1998,
2002; Venolia et al., 1999). Mutations affecting the UCS domainCell 152, 183–195, January 17, 2013 ª2013 Elsevier Inc. 183
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of C. elegans UNC-45 result in paralyzed worms with reduced
amounts of thick filaments and severe myofibril disorganization
(Barral et al., 1998; Epstein and Thomson, 1974; Hoppe et al.,
2004; Venolia and Waterston, 1990), indicating that UNC-45 is
important for myosin maturation and sarcomere organization
(Ao and Pilgrim, 2000; Kachur and Pilgrim, 2008). Indeed,
UNC-45 does not only target substrate to Hsp90, but also func-
tions itself as a chaperone promoting the folding and assembly of
myosin molecules (Gaiser et al., 2011; Melkani et al., 2010).
Despite recent structural insight into the architecture of the
central and UCS domain (Lee et al., 2011; Shi and Blobel,
2010), the molecular mechanisms of UNC-45 in promoting thick
filament assembly and its interactions with partner chaperones
are not understood. To delineate these functions, we combined
biochemical and structural analyses with in vivo studies of
the C. elegans UNC-45 protein. Intriguingly, our work reveals a
chaperone chain in which UNC-45 tandem modules assemble
a multisite docking platform that enforces collaboration with
Hsp70 and Hsp90 in a precisely defined pattern to assemble
myosin filaments.
RESULTS
Crystal Structure of the UNC-45 Protomer
To obtain insight into themechanistic role of UNC-45, we crystal-
lized the full-length protein from C. elegans (107 kDa) and deter-
mined its crystal structure at 2.9 A˚ resolution (Table S1 available
online). Structure comparison with related UCS proteins and
analysis of local flexibility within the UNC-45 protomer reveals
a four-domain architecture comprising an N-terminal TPR
domain (TPR repeats 1–3), a central domain (ARM repeats
1–5), a neck domain (ARM repeats 6–9) and a C-terminal UCS
domain (ARM repeats 10–17) (Figure 1A and Figure S1A). The
resultant overall structure resembles a proteinous mouth that is
constituted by a lower jaw (central domain and attached TPR
domain), an upper jaw (UCS domain), and the neck region con-
necting the functional elements. In the slightly open UNC-45
fold, which is 65 A˚ high, 85 A˚ long, and 45 A˚ wide, the UCS
domain protrudes in a 20 angle from the central domain and
is situated above the interface of central and TPR domains
(Figure 1B).
The TPR domain of UNC-45 is assembled by three TPRmotifs,
each containing two antiparallel a helices A and B. The helices
are packed in a curved, right-handed superhelix featuring
a shallow groove at its concave side that is critical to recognizeFigure 1. Structure of UNC-45
(A) Ribbon presentation of the UNC-45 protomer showing its domain architecture.
repeat being highlighted. The cocrystallized Hsp90 peptide is shown in stick mo
and 608–617.
(B) Orthogonal view of the UNC-45 protomer highlighting the two distinct faces o
(C) Sequence alignment of the UNC-45 proteins from C. elegans (Ce; Q09981), Dr
rerio (Dr; Q6DGE9). The nomenclature of the TPR and ARM helices is given. With
the colors of the secondary structure elements reflect the domain colors. Dotted lin
UNC-45 temperature-sensitive (ts) mutations are indicated by asterisks. Function
inner core; light gray, oligomer interface outer residues; green, binding to Hsp90 C
four sequences; boxed residues are highly conserved. The overall sequence iden
(48% similarity).
See also Figure S1 and Table S1.and bind specific peptide ligands and to tether partner chaper-
ones (Scheufler et al., 2000). The TPR3 motif is followed by
a 54 A˚ long, kinked a helix (residues 115–150) that contributes
to both TPR and central domains, thus constraining their relative
orientation. Analysis of disorder B factors indicates that the
central domain is themost rigid part of UNC-45 (average B factor
of 70 A˚2) functioning as a molecular scaffold to maintain the
orientation of the TPR domain (102 A˚2) and the UCS domain
(147 A˚2), the most flexible entity.
The central domain is a flat, rectangular protein ribbon that is
structured by helices H1, H2, and H3 of ARM repeats 1–5.
Owing to specific H1 adaptations, which impede the spiraling
arrangement of adjacent H2 and H3 helices, the consecutive
ARM repeats constitute a slightly curved H2/H3 helix bilayer
rather than a superhelix. The edge of the bilayer that is covered
by the H1 helices is used to hold the TPR domain in place. The
major part of this interface is contributed by helix H1 of ARM
repeat 4 (helix 4H1) and its extended N-terminal loop, which
intercalate into the cleft formed by the TPR1 and TPR2 motifs
and mediate several short-distanced salt bridges (Figure S1B).
Because most residues of this interface are highly conserved
(Figure 1C), the precise positioning of the TPR to the central
domain should be generally important for the function of
UNC-45 proteins. Interactions with the second functional
domain, the UCS domain, are mediated by residues located
on the H3 side of the central domain. Here, helices 4H3 and
5H3 form a flat binding surface to accommodate the loops
protruding from ARM repeats 10–12. The relatively small size
of this interface (339 A˚2) and the prevalence of unspecific van
der Waals interactions (Figure S1B) indicate that the UCS
domain is less fixed than the TPR domain and though preor-
iented by leaning against the central domain may reposition
when interacting with target proteins.
UCS and central domain are connected by the neck domain.
Insertion of the highly flexible loop 508–524 and deletion of
helices 8H1 and 9H1 disrupt the interfaces between ARM
repeats 8–10, thereby unlocking the individual motifs from
each other. As a result, the helix pairs of the neck domain adopt
a superturn structure that accounts for a 180 bend in the
UNC-45 fold directing the consecutive UCS domain back toward
the N-terminal TPR domain, thus completing the UNC-45mouth.
The UCS domain itself forms an almost regular right-handed
superhelix. The parallel packed helices of neighboring repeats
assemble a spiraling scaffold with a long shallow groove that is
lined by the H3 helices (Figure 1A). Due to the irregular packingThe numbering of the TPR and ARM repeats is given with helix H3 of each ARM
de (lilac). Dashed lines represent flexible loops comprising residues 508–524
f the UCS domain.
osophila melanogaster (Dm; Q9VHW4), Homo sapiens (Hs; E1P642), and Danio
the exception of the UCS signature motif (loop L602–630) colored in magenta,
es represent flexible loops that are not defined by electron density. Positions of
ally important residues are marked with a triangle (dark gray, oligomer interface
terminus; blue, TPR central interface). Red residues are strictly conserved in all
tity between the CeUNC-45 and the other listed UNC-45 proteins is about 30%
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of the H2/H3 helix pairs of ARM repeats 12–14, the UCS super-
helix is interrupted at ARM repeat 13. Finally, the UCS domain
encompasses an extended loop (residues 602–630) that is in-
serted after helix 10H3 and represents one of the most
conserved signature motifs of UCS proteins (Figure S1C).
Hsp70 and Hsp90 Bind Differently to the TPR Domain
of UNC-45
Hsp70 andHsp90 chaperones exert their protein folding function
by collaborating with distinct cofactors that are required for
substrate targeting. The physical link between chaperone and
cochaperone is commonly mediated by binding of the C
terminus of Hsp70/Hsp90 to the TPR domain of the targeting
factor (Scheufler et al., 2000; Young et al., 2003). In the case of
UNC-45, the interactions with Hsp70 and Hsp90 have not been
addressed in detail, and thus the composition and organization
of the chaperone complex that promotes myosin folding and
assembly are still unclear. To characterize the interplay between
the three chaperones, we performed a detailed isothermal
titration calorimetry (ITC) analysis (Figure 2A). For Hsp90
(DAF-21 in C. elegans), the ITC data revealed a tight interaction
with UNC-45, thus confirming previous reports (Barral et al.,
2002; Srikakulam et al., 2008). Notably, the apparent affinity for
the C-terminal peptide (EDASRMEEVD, dissociation constant
KD 14 mM) was slightly higher than for full-length Hsp90
(KD31 mM), suggesting that the peptide-TPR interaction repre-
sents the main contact between the two chaperones. ITC
measurements with the C-terminal peptide AGGPTIEEVD of
Hsp70 (HSP-1 in C. elegans) revealed a weaker but robust
affinity toward UNC-45 (KD 120 mM). Owing to the low yield
of recombinant Hsp70, we monitored complex formation with
UNC-45 by size exclusion chromatography (SEC). To this
end, we compared the elution profiles of the isolated chaperones
and complexes thereof. Importantly, UNC-45 coelutes with
both of its partner chaperones and is thus capable of forming
complexes with Hsp70 and Hsp90 (Figure 2B). When equal
amounts of Hsp70 and Hsp90 are incubated with UNC-45,
the Hsp90 chaperone is preferentially bound (Figure S2A).
In contrast, incubation of UNC-45 with an excess of the
Hsp70 C-terminal peptide abolished interaction with Hsp90,
showing that both chaperones compete for the same binding
site on the TPR domain (Figure S2A). To further exclude that
complexes with Hsp70 and Hsp90 result from unspecific
chaperone-substrate interactions, we introduced site-specific
mutations in the TPR domain of UNC-45 (K82E) and in the
C termini of Hsp70 and Hsp90 (deletion of the five terminal
residues). SEC and ITC binding studies revealed that the
introduced mutations abolished complex formation (Figures
2A and S2B). We thus conclude that the TPR domain of
UNC-45 is the main docking site for Hsp70 or Hsp90, allowing
formation of defined complexes with either of the two general
chaperones.
To address the individual binding modes of Hsp70 and Hsp90,
we cocrystallized UNC-45 with oligopeptides reflecting the two
C termini, respectively. In the 2.9 A˚ electron density map of the
UNC-45/Hsp90 complex, the eight C-terminal residues of
Hsp90 could be unambiguously modeled into the TPR binding
pocket. Accordingly, the Hsp90 C terminus ASRMEEVD is186 Cell 152, 183–195, January 17, 2013 ª2013 Elsevier Inc.bound in a bent conformation undergoing multiple main-chain
and side-chain interactions with highly conserved UNC-45 resi-
dues (Figure 2C, detailed description in Figure S2). In the crystal
structure of the UNC-45/Hsp70 complex determined at 3.6 A˚
resolution, the peptide ligand AGGPTIEEVD is bound in a
similarly bent conformation; however, the entire peptide is
shifted 1.5 A˚ away from the center of the domain (Figure 2D).
Consequently, the tip of the Hsp70 peptide turn is differently
accommodated in the TPR cleft (Figure 2D). Several interactions
undergone with Hsp90 are broken in the UNC-45/Hsp70
complex structure, including the hydrogen bond with Asp114,
the salt bridge with Lys59, and the hydrophobic contacts with
Phe85 (Figure 2D). Together, these differences should account
for the preferential binding of Hsp90, as directly seen in our
ITC binding studies. In addition to confirming the observed
binding preferences, the structural data also visualize that both
Hsp70 and Hsp90 chaperones are bound in a specific manner
and are thus likely candidates to assist UNC-45 inmyosin folding
and assembly.
Interaction between UCS Domain and Muscle Myosin
Previous reports revealed that the UCS domain is critical to bind
myosin (Barral et al., 2002; Lord and Pollard, 2004; Toi et al.,
2003). To identify the corresponding interaction site, we carried
out homology searches with DALI and observed that the UCS
domain of UNC-45 is most similar to b-catenin (Figure S3A).
Notably, most b-catenins have a conserved protein-binding
groove that is undisclosed in several protein-ligand complex
structures. Transferring the catenin-bound ligands to the super-
imposed UNC-45 allowed us to visualize the potential binding
site for myosin, which is a lengthy canyon formed by highly
conserved residues spanning the entire UCS domain in
a screw-like manner (Figures 3A and S3BC). The bottom of the
70 A˚ long groove is formed by the H3 helices of ARM repeats
10–17 and is well designed to accommodate polypeptide chains
in extended conformation.
To characterize the myosin-binding canyon, we carried out
systematic peptide binding studies using ITC and peptide spot
analyses. In contrast to the yeast UCS protein She4 (Shi and
Blobel, 2010; Toi et al., 2003), UNC-45 from C. elegans did not
interact with myosin-derived peptides in these assays (data not
shown). We thus pursued an in vivo approach to test the rele-
vance of the predicted myosin-binding canyon. Notably, the
in vivo analysis of UNC-45 is not trivial because loss of
UNC-45 immediately leads to cytokinesis defects and embry-
onic lethality (Kachur et al., 2004; Kachur and Pilgrim, 2008;
Venolia and Waterston, 1990). We thus expressed selected
UNC-45 mutants in worms harboring the unc-45 temperature-
sensitive (ts) allele m94 (E781K) and analyzed to which degree
muscle function of the ts mutant was restored. To this end, we
generated specific mutations that distorted the UCS canyon to
different degrees (detailed description in the Supplemental Infor-
mation). Based on the structural comparison with b-catenin, we
targeted the central passage of the canyon that is composed
by helix 13H3, the most conserved stretch of the UCS domain
(Figure S1C). As outlined in Figure 3A, the N758Y mutation was
predicted to directly abolish the interaction with substrate,
whereas the Y750W mutation was designed to modify the outer
Figure 2. Interaction of UNC-45 with Its Partner Chaperones Hsp70 and Hsp90
(A) Representative ITC data recorded upon mixing wild-type and K82E UNC-45 with the Hsp70/90 C-terminal peptides. Raw data (top) and binding isotherm
derived from the integrated heat (bottom) are shown. Calculated KD values are given.
(B) SEC/SDS-PAGE analysis reveals complex formation of UNC-45 with Hsp90 (left) and Hsp70 (right).
(C) Binding mode of the Hsp90 C terminus (lilac) to the TPR domain (green). Interacting residues of the TPR domain are labeled.
(D) Overlay of the Hsp70 (blue) and Hsp90 (lilac) peptide structures bound to the TPR domain (green). Close-up view of the Hsp90 peptide (top), Hsp70 peptide
(bottom), and interacting TPR domain residues overlaid with the 2Fo – Fc omit electron density (Hsp90: 2.9 A˚ resolution, contoured at 1.1s; Hsp70: 3.6 A˚,
contoured at 1.1s). Interactions with Hsp90 that are not formed with Hsp70 are highlighted with an asterisk.
See also Figure S2.rim of the substrate-binding cleft. To further explore the myosin-
binding site, we deleted the UCS signature motif 602–630 that
composes an elongated, highly conserved loop next to the
UCS channel. Accordingly, the D602–630 mutation should dis-continue the substrate-binding cleft and abrogate the interaction
with myosin (Figure 3A). The N758Y, Y750W, and D602–630
mutants were transgenically expressed and assayed for their
ability to rescue the motility of unc-45(m94) worms and to bindCell 152, 183–195, January 17, 2013 ª2013 Elsevier Inc. 187
Figure 3. UNC-45 Interaction with Myosin
(A) Ribbon model of the UCS domain highlighting mutations (magenta) used to address the myosin binding of UNC-45. To illustrate the position of substrate,
a peptide ligand (green) of a superimposed b-catenin molecule was transferred to the UNC-45 fold. The zoom-up windows provide a detailed view on the Y750W
and N758Y mutations, the functionally related residues in b-catenin (PDB code 1i7w, with bound E-cadherin peptide shown as stick model) and the D602-630
deletion expected to interrupt the UCS canyon.
(B) To estimate the rescue of the uncoordinated (unc) phenotype, young adult unc-45(m94)worms expressing the indicated UNC-45 variants were grown at 25C
and body bends counted (two independent transgenic lines per mutation, SE of the mean indicated).
(C) Immunostaining of unc-45(m94) mutant worms grown at 25C expressing Y750W, N758Y, or D602–630 UNC-45.
(D) Protein-protein interactions undergone by wild-type and mutant UNC-45 (FLAG tag indicated by asterisk). The UNC-54 myosin and Hsp90 were coimmu-
noprecipitated from cell lysates of the indicated unc-45(m94) mutant worms expressing different UNC-45 variants grown at 25C. Protein interactions were
evaluated by western blot analysis using UNC-54-, Hsp90-, and UNC-45-specific antibodies.
See also Figure S3 and Table S2.to the myosin heavy chain UNC-54. In contrast to the Y750W
mutant, which is still capable to bind myosin and restore muscle
function, the N758Y and D602–630 mutants neither rescue the
defect in sarcomere organization nor bind to UNC-54 in immuno-
precipitation experiments (Figures 3B–3D and Table S2).
Because all mutants interact with Hsp90 similar to wild-type,188 Cell 152, 183–195, January 17, 2013 ª2013 Elsevier Inc.the myosin-binding mutations do not affect the structural integ-
rity of UNC-45 (Figure 3D). Together, these findings demonstrate
that the UCS canyon composes the major myosin-binding site of
UNC-45 and most likely accommodates an unfolded portion of
the myosin substrate, as also suggested previously (Srikakulam
et al., 2008).
Figure 4. Structural Organization of the UNC-45 Multimer
(A) Crystal contacts observed in the unit cell of C. elegans UNC-45. Respective PDG,IF values reflect the likelihood that the resultant dimer or filament represents
a crystallographic artifact.
(B) Architecture of the UNC-45 oligomer. The ARM/TPR* building block is schematically shown as enclosed box in the top panel (molecular neighbors distin-
guished by asterisks). The ribbon presentations in the bottom panels provide an orthogonal view on the UNC-45 chain and illustrate that TPR, central, and neck
domain form the backbone of the assembly, whereas the UCS domain projects away offering myosin-binding sites in a regular array (indicated by arrows).
(C) Close-up view of the oligomer interface showing the composite four-helix bundle. Involved helices and residues are labeled.
See also Figure S4 and Table S3.UNC-45 Crystallizes as a Polar Protein Filament
In the crystal lattice of UNC-45, two prominent crystal contacts
can be discerned that lead to either a symmetric dimer, which
is stabilized by juxtaposed central domains, or a continuous
protein filament resulting from lateral associations of adjacent
subunits (Figure 4A). To estimate the likelihood of whether
the crystallographic interfaces mediate oligomerization in solu-
tion, we performed a bioinformatic analysis with PISA (Protein
Surfaces, Interfaces and Assemblies). Probability measures
PDG,IF of specific interfaces were derived from the gain in solva-
tion energy upon complexation, with PDG,IF > 0.5 pointing to
hydrophilic/unspecific and PDG,IF < 0.5 to hydrophobic/specific
interfaces. In contrast to the dimer interface that appears to be
a crystal artifact (PDG,IF = 0.75), the extremely low PDG,IF value
of the UNC-45 filament interface (0.15) lies in the range of prob-
abilities derived from typical protein interfaces (0.1–0.4). More-
over, other structurally characterized protein filaments exhibit
similar PDG,IF values, some of which indicate an even smaller
polymerization probability than UNC-45 (Table S3). We thus
suppose that UNC-45 may form similar linear multimers in solu-
tion, although the relatively small size of the interface (788 A˚2)
suggests that UNC-45 chains are only transiently formed or
may need further factors to be stabilized.Concerning its multimeric architecture, the UNC-45 chain
represents a unique filamentous structure resulting from the
mouth-to-neck assembly of single subunits (Figure 4B). In the
crystal lattice, adjacent subunits in the UNC-45 chain are held
together by a composite four-helix bundle to which neighboring
molecules contribute two helices each (Figure 4C). With the
exception of the Glu447-Lys105* salt bridge (the asterisk marks
the partnermolecule), the filament interface is exclusively formed
by hydrophobic residues arranged in a zipper-like manner in the
center of the four-helix bundle. The backbone of the resultant
UNC-45 filament is thus composed by the tethered superhelices
ARM1-8 and TPR1-3*, whereas the UCS domain, which is
proposed to bind myosin, extends in a characteristic manner
away from the filament axis and does not participate in filament
assembly (Figure 4B). Similarly, the side-by-side packing of the
ARM/TPR* units does not influence the peptide-binding site of
the TPR domain. This structural organization would ensure that
the connected TPR and UCS domains retain their functional
independence in the oligomeric state, allowing the simultaneous
docking of multiple client proteins and cooperating chaperones
to the UNC-45 chain. As the hydrophobicity of themultimer inter-
face is largely conserved (Figure 1C), we presume that the
observed chaperone chain represents a common feature of theCell 152, 183–195, January 17, 2013 ª2013 Elsevier Inc. 189
UNC-45 family. Deviations from this organization, as implicated
by the crystal structures of UNC-45 from Drosophila mela-
nogaster (Lee et al., 2011) and yeast She4 (Shi and Blobel,
2010) (Figure S4), may reflect different functional states or activ-
ities, respectively. For example, the DmUNC-45 was observed in
monomeric form with an entirely flexible TPR domain that could
not be localized in the electron density, whereas the dimeric
yeast She4 that lacks a TPR domain is involved in promoting
myosin-actin interactions rather than thick filament assembly
(Toi et al., 2003).
UNC-45 Forms Short Chains in Solution
To directly monitor the predicted UNC-45 multimer in solution,
we performed a SEC analysis varying protein concentration
and buffer conditions. As we could not detect higher-order olig-
omers in these experiments, we next developed a specific assay
to target transient interactions that may stabilize the UNC-45
chain. To this end, we applied a targeted photocrosslinking
approach using the UV-inducible amino acid p-benzoyl-L-
phenylalanine (pBpa), which can be expressed at any specific
position in the protein. To explore chain formation, we ex-
changed a glutamine close to the supposed filament interface
by pBpa (Q452B) and compared the crosslinking capability of
the wild-type Q452B with several variants affecting the structure
of the donor (ARM) and acceptor (TPR*) sites of the UNC-45
chain. For this purpose, we used the DTPR (D1–134), L121W,
and V480R/V484R mutations as steric and electrostatic blocks,
respectively, preventing UNC-45 chain formation.
The crosslinking experiments revealed that the wild-type
protein can assemble multimers of different size, with the largest
ones comprising at least five subunits. In contrast, mutating the
filament interface abolished the formation of defined higher-
order oligomers (Figures 5A and 5B). Consistent with the
proposed filament structure, this experiment highlights the
importance of residues Leu121, Val480, and Val484 in mediating
UNC-45 multimerization in solution. Moreover, the photocros-
slinking approach revealed that chain formation depends
strongly on UNC-45 concentration, with the longer chains occur-
ring only at elevated protein concentration. For example, in solu-
tion, UNC-45 tetramers started to accumulate upon incubating
UNC-45 at 50 mM, but not at lower concentrations (Figure S5).
To ultimately confirm that the crystallographic filament interface
is relevant in vitro, we analyzed the SDS-PAGE bands of the
different UNC-45 multimers by mass spectrometry (MS). Re-
corded MS spectra revealed that the UV-activated pBpa452
crosslinks to the Lys131/Ile132/Lys133 sequence (Figure 5C).
Moreover, the pBpa452-131/132/133 crosslink was specifically
observed in all wild-type oligomers (marked with an arrow, Fig-
ure 5A), whereas it was not detected in the wild-type monomer
sample nor in the second dimer fraction resulting from unspecific
crosslinking (marked with a circle, Figure 5A). Strikingly, in the
structure of the UNC-45 filament, Lys131 and Ile132 are the
most adjacent residues of Gln452* being situated 3–5 A˚ next to
its terminal carboxamide group, thus explaining the precisely
defined crosslinking pattern of UNC-45 multimers (Figure 5D).
Taken together, the MS analysis of photocrosslinked UNC-45
oligomers unequivocally demonstrates that UNC-45 forms short
protein chains in solution comprising two to at least five subunits,190 Cell 152, 183–195, January 17, 2013 ª2013 Elsevier Inc.which associate in the same manner as observed in the crystal
lattice.
Formation of UNC-45 Tandem Modules Promotes
Organization of Muscle Sarcomeres
To evaluate the relevance of the UNC-45 multimer in support-
ing myofilament formation in vivo, we analyzed the effect of
expressing the DTPR, L121W, and V480R/V484R interface
mutations in C. elegans body wall muscles (Figure 6A). Given
their similar potential in destabilizing UNC-45 chains in vitro,
we expected that the three transgenes would exhibit similar
phenotypes in vivo. Surprisingly, however, the V480R/V484R
mutation showed the strongest effects and did not restore
locomotion and sarcomere integrity of unc-45(m94) worms,
as indicated by the low number of body bends and the com-
pletely disorganized sarcomere structure, respectively (Figures
6B and 6C). To address the underlying reason for the enhanced
phenotype, we performed extensive pull-down experiments
monitoring the interactions with the UNC-45 partner proteins.
As detailed in the Supplemental Information, these experiments
clearly showed that the V480R/V484R mutant hinders binding
of the myosin substrate in addition to blocking chain formation
(Figures 6C–6E and S6). As the L121W and DTPR mutations
did not abrogate myosin binding, they should reflect the con-
sequence of impaired chain formation in the unc-45(m94)
background more precisely. In contrast to wild-type UNC-45,
the TPR mutations could not recover full motility of m94 worms,
as indicated by a 30%–50% reduced activity in body-bend
assays. Moreover, muscle sarcomeres could only be in part
restored and exhibited local myosin assembly defects, as
well as a reduced overall size (Figures 6B and 6C and Table
S2). Most notably, sarcomeres restored by L121W and DTPR
UNC-45 had fewer myosin-containing A bands, i.e., four to
six instead of seven to eight bands seen in worms expressing
wild-type UNC-45 (Figures 6E and S6A and Table S4). Because
this effect is not correlated with Hsp90 function (Gaiser et al.,
2011), the dis- and reorganization of muscle sarcomeres
should directly result from the impaired formation of UNC-45
chains.
To further substantiate the biological relevance of UNC-45
oligomerization for muscle function, we tested whether the inter-
face mutations compromised sarcomere organization when
expressed in wild-type worms. We observed that transgenes
encoding the two site-specific chain mutations L121W and
V480R/V484R caused a small but definite reduction in motility,
whereas the DTPR transgene caused the most pronounced
locomotion defect, as would have been predicted from our
structural model (Figure 6F). Moreover, and consistent with the
unc-45(m94) rescue experiments, the reduced motility was
linked to a smaller number of A bands in the muscle sarcomere
(Figure 6F–6H and Table S4). Most importantly, this dominant-
negative phenotype was only observed when expressing UNC-
45 interface mutants, but not with the myosin-binding mutants
N758Y and D602-630 (Figure 6F). These data strongly support
the UNC-45 chain model, as the interface mutants could directly
interfere with forming UNC-45 scaffolding complexes, whereas
the myosin binding capacity of wild-type UNC-45 cannot be
compromised by the expressed myosin-binding mutants.
Figure 5. In Vitro Validation of UNC-45 Chains
(A) SDS-PAGE analysis of the photocrosslinking reaction upon pBpa452 (Q452B, indicated by ‘‘X’’) activation. Samples of wild-typex, L121Wx, V480R/V484Rx,
and DTPRx UNC-45 were exposed for 15 and 30 min to UV illumination. Schematic representations of the introduced mutations and resultant crosslinks are
indicated. Specifically linked oligomers (as deduced byMS) aremarked by arrows, whereas dimers resulting from unspecific crosslinking are labeledwith a circle.
(B) SEC elution profile and corresponding SDS-PAGE of the wild-typex sample illustrating formation of 2–5 meric UNC-45 chains.
(C)MS2 spectrum of the crosslinked peptide identified in themarkedQ452B oligomers. The inset shows the observed product ionsmapped onto the sequence of
the crosslinked peptide, the isotopic distribution of the crosslinked peptide, its mass-to-charge ratio (m/z), its charge (3+), and its monoisotopic mass value (m).
Dmass, difference between the expected and measured masses; R, resolution of the measurement; B, pBpa; M*, oxidized methionine.
(D) In the crystal structure of the UNC-45 chain, the identified crosslinked residues Lys131-Ile132 are juxtaposed to the pBpa452 of the molecular neighbor.
Because these residues were exclusively identified in the UNC-45 2 mer, 3 mer, 4 mer, and 5 mer, the MS data are consistent with the illustrated protein chains.
The close-up window illustrates the molecular details of the TPR-ARM* oligomer interface highlighting the mutated (black) and crosslinked (magenta) residues.
See also Figure S5.
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Figure 6. Functional Analysis of UNC-45 Oligomerization Mutants In Vivo
(A) Ribbon plot providing the close-up view of the oligomer interface with the mutated residues Val480, Val484, and Leu121 shown as orange spheres and the
DTPR enclosed by a box.
(B–E) To estimate the rescue of the uncoordinated (unc) phenotype, young adult unc-45(m94) worms expressing the indicated UNC-45 variants were grown at
25C. Immunostaining of UNC-45 and UNC-54 (myosin), body bend counts, the ability of UNC-45-FLAG variants to coIP UNC-54 (myosin), and sarcomeric A
band quantification are shown, respectively.
(F–H) The dominant-negative effect of expressing different UNC-45-FLAG versions in unc-119/unc-45(wt) worms was assayed by body bend counts, A band
staining, and quantification, respectively. The number of A bands (labeled with anti-MHC A) is given per body wall muscle cell (indicated by dotted line), with all
analyzed cells located in the same area between pharynx and vulva.
All values are mean ± SEM. See also Figure S6, Table S2, and Table S4.
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Figure 7. Model of UNC-45-Promoted
Myosin Assembly
(A) UNC-45 composes a myosin folding complex.
(Top) UNC-45 (different domains indicated), its
oligomers, Hsp70 (blue), and Hsp90 (lilac) repre-
sent the basic building blocks for the myosin
multichaperone complex. (Bottom) UNC-45
chains compose a molecular scaffold that allows
the simultaneous binding of Hsp70, Hsp90, and
myosin, thus mediating the interactions between
unfolded myosin and its cognate chaperones.
Different lengths of the Hsp70/90 C-terminal
linkers and resultant activity radii when bound to
UNC-45 are indicated.
(B) UNC-45 enforces the folding of myosin in
regular spacing. In the relaxed state of the muscle,
dimeric myosin heads project with a periodicity of
145 A˚ from the coiled-coil backbone of the
thick filament. The observed periodicity between
UNC-45 tandem modules (170 A˚) fits well to the observed spacing between protomers of adjacent myosin pairs (110 to 220 A˚, derived from PDB code 3dtp), as
schematically shown in the enlarged window (myosin in green with orange circles symbolizing equal segments in the asymmetric dimer). Owing to its patterning
function, UNC-45 could directly link myosin assembly with myosin folding.DISCUSSION
Although the function of UNC-45 has been extensively studied,
mechanistic insight of how UNC-45 promotes the assembly of
myosin thick filaments and cooperates with the Hsp70 and
Hsp90 chaperones is still elusive (Myhre and Pilgrim, 2012). In
contrast to recent structural studies that revealed the folds of
the central and UCS domains of yeast She4 (Shi and Blobel,
2010) and Drosophila UNC-45 (Lee et al., 2011), our structural,
biochemical, and in vivo data of C. elegans UNC-45 uncover
the atomic architecture of a filament assembly factor that itself
forms a continuous, polar protein chain. Owing to its role in
chaperoning and organizing myosin thick filaments, the UNC-
45 multimer exhibits characteristic features that distinguish it
from the few other protein filaments—typically cytoskeletal fila-
ments—for which high-resolution structural data are available
(Table S3). The UNC-45 oligomer has a relatively small interface
that allows the rapid (dis)assembly of multimers comprising two
to five subunits. Moreover, the chaperone chain is organized as
a bipartite structure with a backbone formed by a series of ARM/
TPR* superhelices and attached functional protrusions medi-
ating interactions with client proteins and partner chaperones.
Our data suggest that the UNC-45 multimer establishes
a multisite docking platform licensing the Hsp70 and Hsp90
chaperones to act in a periodic pattern on the unfolded
substrate. This UNC-45 manufacturing system is ideally suited
for the assembly of a substrate protein like myosin that itself
forms a polar filament. It allows a protein with a single Hsp70/
Hsp90 binding motif to simultaneously recruit multiple chaper-
ones and foster their side-by-side collaboration (Figure 7A).
Given the different nature of the cooperating chaperones,
Hsp70 and Hsp90 may either occupy alternating positions on
the UNC-45 chain or bind sequentially to carry out early and
late folding steps, respectively. Moreover, the UNC-45 tandem
modules offer the proper spacing of about 170 A˚ to work on
dimeric myosin heads that protrude from the coiled-coil back-
bone of the thick filament with an overall periodicity of 145 A˚
(Craig and Woodhead, 2006) (Figure 7B). The slightly differentspacing of UNC-45 and myosin might be overcome by the tran-
sient nature of UNC-45multimers. According to ourmodel, UNC-
45 chains are not infinite in length but are, rather, organized as
a series of short assembly lines that scaffold the dimeric myosin
heads over short distances along the myofilament. Indeed,
formation of stable UNC-45 filaments would cause severe
problems in vivo, as UNC-45 is implicated not only in muscle
development, but also in maintaining myosin integrity during
stress situations (Etard et al., 2008). Stably formed UNC-45
chains would hinder the relocation of the myosin chaperone
within sarcomeric substructures and thus limit the functionality
of UNC-45 during muscle development and maintenance.
Owing to its unique structural features, we propose that
UNC-45 chains support the precise in-register arrangement of
myosin head domains, which is a prerequisite for proper thick
filament and sarcomere assembly. This previously undescribed
molecular patterning function should mainly depend on the mul-
timerization properties of UNC-45 and should thus underlie its
autonomous role in sarcomere organization (Gaiser et al.,
2011). The biological significance of the polar chaperone chain
described here is also supported by the fact that all organisms
containing sarcomeric structures express UCS proteins
harboring a TPR domain, which is an essential structural compo-
nent for UNC-45 polymerization. As the residues contributing to
the crystallographic filament interface are moderately conserved
within this UCS protein family, we presume that UNC-45 chain
formation might be a common principle important for myosin
assembly and muscle formation. Direct experimental evidence
for this function is provided by the dominant-negative effect of
expressing UNC-45 interface mutations in wild-type worms. As
predicted by our model, the sarcomere assembly defects could
result from integrating interface mutants into cellular UNC-45
scaffolds, leading to the premature termination of myosin
assembly chains. As the myosin-binding mutants did not exert
this effect, substrate binding and chain formation seem to be
two separate activities of UNC-45. Indeed, chain formation
appears to be a highly dynamic process that depends on the
amount of UNC-45 (Figure S5), which should be carefullyCell 152, 183–195, January 17, 2013 ª2013 Elsevier Inc. 193
controlled in the cell. Consistently, mutations in human p97,
a ubiquitin-selective ATPase critical for the degradation of
UNC45b, are directly linked to inclusion body myopathies (Jan-
iesch et al., 2007). The deleterious effect of elevated UNC-45
levels on sarcomere and thick filament integrity is further evi-
denced by UNC-45 overexpression studies in worms (Hoppe
et al., 2004; Landsverk et al., 2007) and by the fact that human
UNC45b is one of the most upregulated proteins in heart muscle
tissues of humans who died of ischemic heart failure (Stanley
et al., 2007, Circulation, abstract). It will therefore be important
to test which cellular factors and modifications influence UNC-
45 chain formation and substrate recruitment. The present
data provide the structural and mechanistic basis to address
these points and get a better understanding of how myosin
folding and thick filament assembly are coordinated in the cell
under both normal and pathological conditions.
EXPERIMENTAL PROCEDURES
Strains, Expression Constructs, and Generation of Transgenic
Animals
The C. elegans Bristol N2 was used as wild-type strain. Mutant worms used in
this study are unc-119(ed4)III, unc-45(e286)III, and unc-45(m94)III. The C
terminally FLAG-tagged UNC-45 and mutants thereof were cloned under the
muscle-specific unc-54 promoter into pPD88.27 containing a selection
marker. Subsequently, the constructs were bombarded into unc-119(ed4)
worms. Coimmunoprecipitation and motility assays, A band quantification,
fluorescence microscopy, and immunostainings were performed following
standard procedures, as described in the Extended Experimental Procedures.
Cloning, Protein Expression, and Purification
Detailed information on the construct design, cloning, and overexpression of
UNC-45, UNC-45 variants, Hsp70, and Hsp90 is provided in the Extended
Experimental Procedures. All proteins were purified by a three-step procedure
combining affinity, ion exchange, and size exclusion chromatography.
Crystallization and Data Collection
UNC-45 crystals were grown by the sitting-drop vapor diffusion method (for
details, see Extended Experimental Procedures). Mounted in 90 bent loops,
anomalous diffraction data (UNC-45SAD) and data of the UNC-45Hsp70
complex were collected at the Swiss Light Source (SLS, beam line X06DA)
and the high-resolution diffraction data of UNC-45Hsp90 at the European
Synchrotron Radiation Facility (ESRF, beamline ID-23-1).
Structure Determination and Refinement
Usage of bent loops to properly orient the plate-like crystals (815 A˚ long crystal-
lographic c axis) and collection of anomalous data with high redundancy were
critical to solve the structure of CeUNC-45. The solvent-flattened SAD electron
density map was of excellent quality and revealed the complete peptide back-
bone of the protomer. Despite the rather low resolution of the electron density
map (3.8 A˚), well-defined bulky residues and the localized methionine residues
enabled us to assign 50% of all side chains. The partial UNC-45 model was
further refined with the UNC-45Hsp90 data set to 2.9 A˚ resolution. Refinement
and model rebuilding proceeded smoothly via rigid body, positional, and later
B factor optimization. In later refinement stages, clear electron density devel-
oped for 8 of the 10 residues of the cocrystallized Hsp90 peptide. Finally, the
structure was checked using simulated annealing composite omit maps.
Some residues (1–4, 508–524, 608–617, and 931–961) were hardly visible in
these maps and were therefore omitted from the final model. The refinement
converged at an R factor of 23.8% (Rfree 25.6%). The UNC-45Hsp70 structure
was solved by molecular replacement using full-length UNC-45 as search
model.After rebuildingand refinementof theUNC-45protomer, theomitdensity
occurring for theHsp70peptideallowed themodelingof all 10 residues. Thefinal
structure was refined at 3.6 A˚ resolution to an R factor of 23.4% (Rfree 28.4%).194 Cell 152, 183–195, January 17, 2013 ª2013 Elsevier Inc.Photocrosslinking
After 15 or 30 min irradiation with UV light (l = 365 nm), the crosslinked
products were separated by analytical SEC and SDS-PAGE for subsequent
MS analysis.
Mass Spectrometry and Automated Mapping of Crosslinks
Protein bands were excised and digested in-gel sequentially with trypsin
(Promega) and Glu-C (Worthington), as described elsewhere with minor
modifications (Wilm et al., 1996). For the MS/MS identification of peptide
crosslinks, digests were injected in an Ultimate 3000 HPLC system (LC Pack-
ings Dionex) and the effluent directly electrosprayed into the LTQ Orbitrap XL
mass spectrometer (Thermo Fisher Scientific). ‘‘Crossfinder’’ was used to
automatically map crosslinks, as described previously (Forne et al., 2012).
Analytical Size Exclusion Chromatography
Analytical size exclusion chromatography to monitor the complex formation
of UNC-45 with Hsp70/Hsp90 was performed on an Ettan LC system (GE
Healthcare). After 30 min of preincubation, protein mixtures were applied to
a Superose 6 PC 3.2/30 column.
Isothermal Titration Calorimetry
The binding of UNC-45 to full-length Hsp90 and C-terminal peptides of Hsp70
and Hsp90 (AGGPTIEEVD and EDASRMEEVD, respectively) was character-
ized by isothermal titration calorimetry (VP-ITC, Microcal) applying standard
procedures.
ACCESSION NUMBERS
Coordinates have been deposited to the Protein Data Bank under accession
codes 4i2z (UNC-45Hsp90) and 4i2w (UNC-45Hsp70).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Results, Extended Experimental
Procedures, six figures, and four tables and can be found with this article
online at http://dx.doi.org/10.1016/j.cell.2012.12.025.
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